The purpose of this study was to investigate the effect of ankle ROM and lower-extremity muscle strength on static balance control ability in young adults.
Background
Balance ability refers to the ability to maintain the center of gravity above the base of support and to keep stable body alignment and posture [1] . Balance control ability can be divided into dynamic balance control ability and static balance control ability according to the movement. Dynamic balance control ability controls balance of the body during movement such as walking, and static balance control ability controls balance of the body while standing still [2, 3] . Because these 2 balance control abilities are applied differently depending on the situation, the patterns and strategies of using the joints are also different [2] [3] [4] [5] .
Because the human center of gravity (COG) is high, dynamic balance control ability and static balance control both require considerable energy consumption and high levels of motor control [6] . Previous studies on static balance control ability showed that leg strength, ROM, proprioception, and joint stability are related to static balance ability.
To maintain upright posture, a certain level of muscle strength is essential, and lower-extremity muscles near the ankle and knee joint must work properly to maintain posture stability and prevent falls [5, 7] .
Ankle joint ROM is also important, because balance is most frequently controlled in the ankle joint, and the movement of the joint is large [8] [9] [10] . In addition, the proprioception that senses the position of the joints and the stiffness of the non-contractile structures around the joints, which are related to joint stability, can also affect static balance control ability [6, 7, 11, 12] .
Factors affecting balance ability have been studied for many years [5, [7] [8] [9] [10] 13] . However, there is little information on how these factors affect static balance ability and how these influences appear when these factors are combined. Therefore, we performed the present study to investigate the effect of ankle ROM and lower-extremity muscle strength, and to determine which factors have the greatest effect on static balance ability. Therefore, the purpose of this study was to analyze the effect of ankle ROM and lower-extremity muscle strength on static balance control ability in young adults.
Material and Methods

Subjects
We attempted to enroll 70 young adults attending U University in Gyeongsangbuk-do Province, but 5 people refused; therefore, this study was conducted with 65 young adults. However, 10 people dropped out during the measurement period, so 55 young adults (male: 19, female: 36) completed the study. The mean age was 19.85±1.25 years, mean height was 165.62±7.93 cm, and mean body weight was 60.04±12.16 kg (Table 1) . We excluded persons with a specific disease that would affect the study, visual or auditory impairment, nervous system or vestibular problems, or who could not understand the experiment. In accordance with the Helsinki Declaration of Ethics, all subjects prior to the experiment were briefed on the purpose and procedure of the study and voluntarily agreed to take part. The study was approved by the Institutional Review Board of Daegu University (No. 1040621-201411-HR-009-02).
Study protocol
Before the experiments, all subjects were informed about the experimental methods and procedures, which were demonstrated by one of the researchers before the test.
To prevent fatigue of lower-extremity muscles from affecting other measurement results, the measurement order was fixed. After measuring the balance ability for the first time, ankle ROM was measured and leg strength was measured at the end. Balance ability was measured by keeping the subject on the balance board and measuring the sway length and sway velocity for 1 min. This performance was measured with eyes closed and then with eyes open.
Ankle ROM was measured in dorsiflexion and plantar flexion, and both active and passive ROM were measured. Muscle strength was measured by measuring the flexor and extensor of the 3 joints of the lower extremities (hip joint, knee joint, and ankle joint) and evaluating quantitative values using a muscle contraction dynamometer. Patients were given sufficient rest between measurements to avoid fatigue, and ROM and muscle strength measurements were measured by 2 therapists. After all the measurements were taken during the day, the subjects were scheduled for another day to make repeated measurements ( Figure 1 ). All measurements were performed 3 times and the results are expressed as mean ± standard deviation. 
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Lower-extremity strength A hand-held dynamometer (Commander Muscle Tester, JTech, USA) was used to evaluate the lower-extremity strength of the subjects. Evaluation of muscle strength using the hand-held dynamometer is performed in the same manner as the manual muscle strength test, but it is more advantageous and more objective than the manual test in detecting a change in muscle strength because the specific numerical value of muscle strength is shown [14] .
All subjects were measured for muscle strength in 6 groups of the lower extremities (extensors and flexors of ankle, knee, and hip joint).
As for the measurement postures, the dorsiflexors and plantar flexors of the ankle and flexors and extensors of the hip joints were measured in supine position, and flexors and extensors of the knee joint were measured in sitting position. The measurement of muscle strength was performed in the order of the dorsiflexors and plantar flexors of the ankle, flexors and extensors of the hip joints, and flexors and extensors of the knee joint. A break between the measurements was provided to prevent muscle weakness due to muscle relaxation [15] .
Postural balance
The Bio-Rescue (RM Ingenierie) device was used to measure balance ability. The Bio-Rescue has a 610×580×10 mm platform and a total of 1600 pressure sensors. With these sensors, the moving distance and speed of the body's center of pressure (COP) can be measured while the subject is in position, thereby evaluating static balance ability. Dynamic balance ability can also be assessed through the limits of stability (LOS) of the COP movement just before the subject loses balance. It also has various training programs, so it can be used to improve balance ability [13, 16] .
The present study measured static balance ability. Subjects were placed on the Bio-Rescue pads with their feet extended to the shoulder width, and then sway length and sway velocity were measured by tracing the moving distance of the body center for 1 min. This performance was measured when the eyes were open and visual information was provided, and then when both eyes were closed and the visual information was blocked.
Ankle range of motion
Ankle ROM, which has the greatest influence on static balance ability, was measured using a manual goniometer, and dorsiflexion and plantarflexion of the ankle joint were measured.
Measuring joint ROM with a goniometer has been performed by therapists for many years and has a high degree of reliability [17, 18] .
In sitting position, the angle of movement was measured at the neutral position of the ankle, and both active and passive ROM were measured. For active ROM, the angle is measured at the maximum extent. For the passive ROM, the subject kept still and was manually measured by moving the subject to the end range. The measurement axis was set to lateral malleolus. While measuring, the fixed arm was parallel to the outside of the calf and the moving arm was parallel to the outer line of the 5th metatarsal bone.
Statistical analysis
SPSS for Windows (version 22.0) was used to analyze data. Descriptive statistics were used to determine the general characteristics of the subjects. Pearson correlation coefficient was used to examine the correlation between variables and static balance ability. Simple linear regression analysis and multiple linear regression analysis were used to examine the effect of variables on static balance ability.
Before performing multiple linear regression analysis, Pearson correlation coefficients and simple linear regression analysis were used to select variables for multiple regression analysis. Statistical significance level was set at a=.05. Table 2) .
Correlation between lower-extremity muscle strength and balance ability Table 3) .
Simple linear regression analysis of each variable for sway length and velocity
Simple linear regression analysis was performed using only variables with significant correlation with sway length and velocity. With eyes open, sway length was significantly influenced by AROM and PROM of the plantar flexion and each lower-extremity muscle strength (P<0.05). With eyes open, sway velocity was significantly influenced by AROM and PROM of the plantar flexion and muscle strength in each lower extremity (P<0.05) ( Table 4) .
With eyes closed, sway length sway length was significantly influenced by AROM and PROM of the plantar flexion and muscle strength in each lower extremity (P<0.05). With eyes closed, sway velocity was significantly influenced by AROM and PROM of the plantar flexion (P<0.05). With eyes closed, sway length was significantly influenced by all other muscles except the hip extensor strength (Table 4) .
Multiple linear regression analysis of sway length and velocity
Simple linear regression analysis was performed using only variables with significant correlation with sway length and velocity. After performing simple linear regression analysis, significant variables were collected and multiple regression analysis was performed. With eyes open, the sway length was significantly influenced by plantar flexion PROM (B=0.681, P<0.05).
The sway velocity was also significantly affected by plantar flexion PROM (B=0.011, P<0.05) ( Table 5) .
With eyes closed, the plantar flexion PROM is the closest to the significance level, as was the case with eye open. However, there were no variables other than constants that significantly affected sway length and sway velocity (P>0.05) ( 
Discussion
This study examined the effect of ankle ROM and lower-extremity muscle strength on static balance ability. Many researches have shown that lower-extremity muscle strength and ankle ROM affect balance ability. To investigate the effect of these factors on balance ability, we used multiple regression analysis.
Pearson correlation coefficients and simple linear regression analysis were performed before multiple regression analysis.
First, the correlation between static balance ability and muscle strength and ROM variables was investigated through Pearson correlation coefficient analysis, and unrelated variables were deleted. Simple linear regression analysis was performed by collecting variables with significant correlations. Through simple linear regression analysis, only the variables that significantly affect static balance ability were selected and the non-significant variables were deleted. The variables that passed these 2 processes were collected again and multiple regression analysis was performed.
In the analysis of correlation between ankle ROM and balance ability, plantar flexion AROM and plantar flexion PROM showed a positive correlation with balance ability variables (sway length EO and EC, sway velocity EO and EC). Correlation coefficients with PROM were slightly higher than with AROM. Mecagni et al. found the greatest correlation between balance ability and inversion, followed by dorsiflexion ROM and plantar flexion ROM [8] ; their conclusion that balance ability is correlated with plantar flexion is consistent with results of the present study. However, their finding that increased plantar flexion ROM has a positive relationship with balance ability disagrees with our results. 
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The use of FRT to assess balance ability in the previous study differed from the present study. Both are tests to measure balance ability, but in the sway length test the subject tries to not move, while in the FRT the subject moves forward to the maximum. Therefore, FRT should be more affected by contractile structures. However, the postural sway test is more static, so it is affected by relatively non-contractile structures (such as ligaments). The results of the 2 studies are different because they used different tests.
Spink et al. investigated the relationship between ankle ROM
and sway length in the elderly, and their result that dorsiflexion ROM is not related to sway length is consistent with our results [9] . However, the results for plantarflexion cannot be compared because ROM was measured only for dorsiflexion (plantarflexion ROM was not measured) in their study.
In the study by Bok et al., which investigated the relationship between ankle ROM and balance ability for young adults and the elderly, sway was increased as the ROM of the dorsiflexion increased in the elderly, but there was no correlation between the ankle ROM and sway in the younger adults [10] .
The previous studies examining the correlation between ankle ROM and sway were mainly conducted on the elderly. Even these studies focused primarily on dosrification, and there have been few studies on plantarflexion [1, 8, 19] . These studies suggest that the diminished balance control ability of the elderly is caused by the dorsiflexion ROM limitation due to the shortening of the ankle surrounding tissues because of aging [1, 8, 19, 20] . However, there have also been studies that show contradictory results. Han et al. reported that sway length and velocity in the elderly increased after plantarflexor stretching in the dorsiflexion direction [13] . Lima et al. found that young adults showed an increase in the passive range of motion of the ankle dorsiflexion after plantarflexor stretching, but postural sway also increased [21] .
Thus, an increase in dorsiflexion ROM does not always have a positive effect on balance ability, and there may be a negative relationship.
Balance control ability and ROM are best in the normal range. When the ROM is limited, the ROM is positively correlated with balance control ability. However, when the ROM range is too large and the joint is loosened, ROM is negatively correlated with balance control ability [19, 20] .
In the present study, dorsiflexion had no significant correlation but plantarflexion ROM was positively correlated with sway length and velocity. Looking at the ROM range of the subjects, the range of plantarflexion is slightly larger than the normal range [22] , which suggests that the structures in front of the ankle are slightly loose. This suggests that plantarflexion ROM has a negative relationship with balance control ability. 
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In the present study, except for the hip joint extensor, the muscle strength of the remaining muscles was negatively correlated with the balance ability variables (sway length EO and EC, sway velocity EO and EC). These results indicate that greater lower-extremity muscle strength is associated with less postural sway and better balance control ability. This is well known, and many previous studies reported results consistent with these findings. Laughton et al. reported that a decrease in lower-extremity muscle strength increased postural sway [23] and Kligytė et al. also reported that a decrease in muscle strength reduced balance control ability [24] . ShumwayCook et al. found that a certain level of lower-extremity muscle strength is essential for balance control, and coordination of the lower-extremity muscles maintains posture stability and prevents falls [5] . Thus, in a standing posture, lower-extremity muscle strength is an important variable for balance control, and increased muscle strength improves balance control ability.
For the results of the correlation coefficient (r), ankle joint had higher correlation with postural sway than other joints, and dorsiflexor was the most correlated.
Aoyama et al. reported that knee and hip joints were used more frequently than ankle joint when sudden postural changes occurred in a standing posture. However, the ankle joint was used more often than other joints when standing still and controlling the balance [4] .
Ankle joints are preferred over other muscles for static postural control. When the ankle joint is in a range that cannot be accommodated, hip joints are used to prevent falls, increasing postural sway [5] . In particular, dorsiflexion strength has a higher correlation with postural sway than other muscles since ankle dorsiflexor eccentric control is frequently used during postural control in standing position [7] .
A simple linear regression analysis was performed on the variables that showed a significant correlation with balance ability variables. The variables that had a significant correlation with balance ability were also significant in the simple linear regression analysis, suggesting that the variables significantly correlated with balance ability have some influence on balance ability.
Multiple regression analysis was performed by collecting the variables that passed the above procedure, showing different results depending on the presence of visual information.
Previous studies related to sway according to the presence of visual information showed that sway is larger when the subject does not have visual information. In this study, sway length and velocity were larger when there was no visual information, which was consistent with previous studies [9, 25] . However, the effect on sway had different results.
Plantarflexion PROM had the most effect on sway length and sway velocity with the eyes open. The p value of plantarflexion PROM was close to the 0.05 level with eyes closed, but was not significant. In other words, there were no significant influencing variables.
Gatev et al. reported that when posture is controlled while standing still, postural control is performed through feedforward if visual information is given, but posture is controlled through feedback if there is no visual information. Feedforward is more frequent than feedback in attempting to balance control using muscles at a higher level than feedback. The use of the muscles around the ankle and the load are greater because the number of times action is needed to control the posture is relatively higher than the feedback [6] .
As the visual information is given and the number of attempts to control the balance using the ankle muscles through the feedforward increases, the role of the structures that stabilize the ankle by holding it manually will become greater. However, since feedback modifies posture after balance is lost, the number muscles used for posture control will be small and the role of non-contractile structures will be relatively small. In our study, with eyes closed, the result was close to the significance level, but was not significant because of these small differences.
In a study by Wang et al., there was no difference between an injured leg and an uninjured leg when ankle joint muscle strength was measured after recovery. However, when postural sway was measured, the sway length was further increased in the injured leg. This result suggests that even if the contractile structures are restored, the balance control ability is weakened when the non-contractile structures and sensory organs are weakened [11] .
AROM is influenced by muscles and tendons, which are contractile structures, and PROM is influenced by passive resistive torque of non-contractile structures of the ankle [20] . For this reason, the increase in PROM over a certain level means that the non-constrictive structures are loosened or stretched [12, 26] .
The increase of the PROM over a certain level indicates the loosening of the non-contractile structures, and thus the contractile structures have a negative influence on the balance control. In particular, the balance control in a standing position is more affected by stiffness of non-contractile structure than dynamic balance control is because it is greatly affected by structural stability in the ankle [6, 20] . Some previous studies reported that the sway length was increased after training to increase the ROM of the plantar flexor [13, 21] .
